Candida albicans is a serious health threat worldwide, particularly among the elderly and immunocompromised people 1, 2 . Despite being a normal commensal of healthy people, C. albicans can become highly pathogenic and cause severe mucosal and systemic candidiasis in patients with AIDS, patients who have undergone organ transplantation and immunodeficient patients 3 . The anti-fungal therapy now available is often ineffective and may cause undesirable side effects. Therefore, better understanding of host-defense mechanisms may lead to the development of effective preventive and therapeutic strategies 2, 4 .
Studies have begun to elucidate the fundamental mechanisms of innate and adaptive immune responses to fungal infections. Various innate receptors, such as Toll-like receptors (TLRs), C-type lectin receptors (CLRs) and Nod-like receptors, serve pivotal roles in host defense against fungal pathogens by sensing their pathogen-associated pattern molecules 5, 6 . The CLRs dectin-1, dectin-2, dectin-3 and Mincle detect β-glucan 7 , α-mannan 8 and glycolipid 9 and thereby initiate innate and adaptive immune responses to pathogenic fungi. Dectin-1, the dectin-2-dectin-3 heterodimer (called 'dectin-2/3' here) and Mincle can initiate complex signaling pathways, inducing the production of myriad cytokines and chemokines (including interleukin IL-1β (IL-1β), IL-12, IL-6, IL-23, interferon-β (IFN-β), tumornecrosis factor (TNF) and the chemokines CXCL1 and CXCL2) 8, 10 . Collectively, CLR-induced pro-inflammatory chemokines and cytokines can trigger neutrophil influx, macrophage maturation 11, 12 and T cell differentiation 3, 13, 14 . Whereas the T H 1 subset of helper T cells has been linked to fungal infection 2 , the T H 17 subset of helper T cells is the main T cell subset responsible for eliminating fungal pathogens, achieved mainly by secretion of the cytokines IL-17A and IL-17F 6, 14 . Consistent with that, humans deficient in IL-17A or its receptor IL-17R have the propensity to develop mucosal candidiasis 15 . Although dectin-1 and dectin-2/3 are widely expressed in neutrophils, macrophages, monocytes and dendritic cells (DCs), it remains unclear how they orchestrate host defense in these cellular compartments 16 .
Following stimulation by their respective ligands, CLRs induce activation of the transcription factor NF-κB, mitogen-activated protein kinases (MAPKs) and transcription factors of the NFAT family 17 , as well as caspase-1 and caspase-8 (ref. 18 ), which in turn induce pro-inflammatory cytokines and chemokines. Canonical CLR signaling begins with activation of the tyrosine kinase Syk, which leads to the activation of NF-κB and MAPKs. Once recruited to the CLR complexes, Syk becomes phosphorylated and activated, mainly through an intermolecular autophosphorylation mechanism. Activated Syk then promotes phosphorylation of the downstream signaling molecules phospholipase PLC-γ2 (refs. 19,20) and kinase PKC-δ 21 , which phosphorylates the adaptor CARD9; this results in assembly of the complex of CARD9, the adaptor Bcl-10 and the paracaspase MALT1. The CARD9-Bcl-10-MALT1 complex is responsible for activation of the canonical pathway consisting of the kinases TAK1, IKKα and IKKβ, the NF-kB inhibitor IκBα and the NF-κB subunit p65 (ref. 22) . Syk contains tandem N-SH2 and C-SH2 Src-homology 2 domains at its amino terminus, followed by a carboxy-terminal kinase domain. Structural and biochemical analyses suggest the SH2 domains must bind to the phosphorylated Tyr-X-X-Ile/Leu sequences within an immunoreceptor tyrosine-based activation motif (ITAM) (Tyr-X-X-Ile/Leu-X 6-12 -Tyr-X-X-Ile/Leu; here, 'X' indicates any amino acid, 'Ile/Leu' means isoleucine or leucine, and the subscripted range indicates 6-12 residues of any amino acid) to activate Syk 23 . After engagement by particulate β-glucan or C. albicans, dectin-1 forms clusters or 'phagocytic synapses' , which leads to activation of kinases of the Src family 24 ; this induces the phosphorylation of dectin-1 and leads to Syk activation 25 . Because the cytoplasmic tail of dectin-1 contains only one Tyr-X-X-Ile/Leu motif, called the 'hemI-TAM' 7, 25 , it is unclear how dectin-1 engages both SH2 domains of Syk simultaneously. In contrast, dectin-2/3 and Mincle do not have an ITAM but utilize the ITAM-containing adaptor FcRγ to mediate activation of Syk 26, 27 .
SHP-2, a ubiquitously expressed cytoplasmic tyrosine phosphatase involved in the signaling induced by growth factors, cytokines and hormones [28] [29] [30] [31] , is composed of two tandem SH2 domains, a tyrosinephosphatase domain and a carboxy-terminal tail containing phosphorylated tyrosine residues 32, 33 . Here we report that a cryptic ITAM in the carboxyl terminus of SHP-2 (C-ITAM) was phosphorylated upon ligation of dectin-1, dectin-2/3 or Mincle by β-glucan, mannan, the Mincle ligand TDB (trehalose-6, 6-dibehenate) or C. albicans. Phosphorylated SHP-2 then functioned as a scaffold protein, recruiting Syk to dectin-1 or dectin-2/3 receptor complexes, which led to the activation of Syk and Syk-dependent signaling events. Consistent with that, SHP-2 was required for the induction of pro-inflammatory cytokines and chemokines elicited by various CLRs. Through the use of mice deficient in the gene encoding SHP-2 (Ptpn11; called 'Shp-2' here) in myeloid cells, we obtained genetic evidence in support of the concept that macrophages, neutrophils and DCs have distinct roles in the initiation of anti-fungal T H 17 responses.
RESULTS

Dectin-1 signaling induces activation of SHP-2
Tyrosine kinases, including Src and Syk, serve a critical role in CLR signaling by initiating a cascade of tyrosine-phosphorylation events 21, 24 . In bone marrow-derived DCs (BMDCs) differentiated with cytokine GM-CSF and IL-4 and stimulated with the dectin-1 ligand 'zymd' (the glucan zymosan depleted of TLR ligands), we detected multiple tyrosinephosphorylated bands with antibody to phosphorylated tyrosine (Fig. 1a) . Through the use of a panel of phosphorylation-specific antibodies, we identified the phosphorylated proteins (Fig. 1b and data not shown). Consistent with published reports 19, 20, 21 , phosphorylation of Syk, PLC-γ2 and PKC-δ was induced following stimulation with zymd (Fig. 1b) . Notably, we also found that phosphorylation of SHP-2 at Tyr542 was highly induced in BMDCs upon the engagement of dectin-1 with zymd (Fig. 1b) . To confirm those results, we assessed the tyrosine-phosphorylation of SHP-2 in bone marrow-derived macrophages (BMDMs) primed with IL-4 and found that the phosphorylation of SHP-2 at Tyr542 was also induced substantially in BMDMs stimulated with zymd ( Supplementary Fig. 1a) . We also performed immunoprecipitation with antibody to phosphorylated tyrosine or antibody to SHP-2 (anti-SHP-2), followed by immunoblot analysis with anti-SHP-2 or antibody to phosphorylated tyrosine, respectively, and confirmed that SHP-2 was phosphorylated after stimulation with zymd (Fig. 1c) . To identify the kinase responsible for phosphorylation of SHP-2 following stimulation with zymd, we added inhibitors of Src or Syk and found that they blocked the phosphorylation of SHP-2 (Fig. 1d) . To determine the role of dectin-1 in zymd-induced responses, we blocked dectin-1 responses with the glucan laminarin or used dectin-1-deficient BMDCs. We found that phosphorylation of SHP-2 and Syk was abrogated in wild-type BMDCs treated with laminarin and in dectin-1-deficient BMDCs (Supplementary Fig. 1b,c) , which indicated that phosphorylation of SHP-2 was induced by dectin-1. Moreover, zymd-induced production of TNF was also abolished in dectin-1-deficient BMDCs (Supplementary Fig. 1d ). These results collectively suggested that dectin-1 signaling triggered phosphorylation of SHP-2 at Tyr542, possibly by kinases of the Src and/or Syk families. We note that macrophages and BMDCs from wild-type mice responded poorly to stimulation with zymd ( Supplementary Fig. 1e-g ) and that priming with IL-4 considerably elevated dectin-1 signaling in wild-type BMDMs and BMDCs ( Supplementary Fig. 1e ,f) but decreased TLR signaling in wild-type BMDCs ( Supplementary Fig. 1g) ; therefore, we used BMDMs primed with IL-4 and BMDCs differentiated via GM-CSF and IL-4 for stimulation with dectin-1 ligands in this study.
To investigate the role of SHP-2 in dectin-1 signaling, we bred mice with loxP-flanked Shp-2 alleles (Shp-2 fl/fl mice) with mice of a strain with transgenic expression of Cre recombinase from the gene encoding the common DC marker CD11c (Cd11c-Cre mice) to generate Shp-2 fl/fl Cd11c-Cre mice with Shp-2 deficiency in DCs (called 'DCShp-2 −/− ' mice here). The efficiency with which Shp-2 was deleted in BMDCs from DC-Shp-2 −/− mice was over 80%, and Shp-2 was not deleted in macrophages, T cells or B cells isolated from DC-Shp-2 −/− mice ( Supplementary Fig. 1h ). Moreover, expression of dectin-1, dectin-2, dectin-3, Mincle and FcRγ was similar in Shp-2 fl/fl BMDCs and DC-Shp-2 −/− BMDCs (Supplementary Fig. 1i ). We obtained BMDCs from Shp-2 fl/fl and DC-Shp-2 −/− mice and stimulated the cells with dectin-1 ligands (zymd, zymosan A or curdlan), then measured the production of cytokines and chemokines. Strikingly, all the chemokines (CXCL1 and CXCL2) and cytokines (TNF, IL-1β, IL-6, IL-12 and IL-23) induced by these three dectin-1 ligands were significantly less abundant in DC-Shp-2 −/− BMDCs than in Shp-2 fl/fl BMDCs (Fig. 1e) .
Next we bred Shp-2 fl/fl mice with a strain with transgenic expression of Cre from the myeoid cell-specific gene Lyz2 (called 'LysMCre' here) to generate Shp-2 fl/fl LysM-cre mice with Shp-2 deficiency in macrophages and neutrophils (called 'MN-Shp-2 −/− ' mice here). The efficiency with which Shp-2 was deleted in BMDMs from MN-Shp-2 −/− mice was over 80%, Shp-2 was not deleted in DCs, T cells or B cells isolated from MN-Shp-2 −/− mice ( Supplementary  Fig. 1h ) and expression of dectin-1, dectin-2, dectin-3, Mincle and FcRγ was similar in BMDMs from Shp-2 fl/fl mice and those from MN-Shp-2 −/− mice (Supplementary Fig. 1j ). Deletion of Shp-2 in BMDMs from MN-Shp-2 −/− mice also abrogated the production of pro-inflammatory chemokines and cytokines elicited by dectin-1 ligands (Supplementary Fig. 2a) .
Since SHP-2 has been linked to TLR4 signaling 34 , we also assessed the TLR-induced pro-inflammatory response of DC-Shp-2 −/− BMDCs. Unlike the response to stimulation with zymd, which was (Supplementary Fig. 2b ).
Together these experiments identified SHP-2 as a positive regulator of dectin-1 signaling.
SHP-2 mediates anti-fungal innate immunity
Dectin-1 and dectin-2/3 mediate C. albicans-induced gene expression by recognizing the fungal cell-wall components β-glucan and α-mannan, respectively. We assessed the role of SHP-2 in mediating C. albicans-induced expression of genes encoding pro-inflammatory products. We obtained BMDCs from Shp-2 fl/fl and DC-Shp-2 −/− mice and stimulated the cells with heat-killed C. albicans yeast or hyphae, then measured cytokine production. DC-Shp-2 −/− BMDCs produced significantly lower concentrations of chemokines (CXCL1 and CXCL2) and cytokines (TNF, IL-1β, IL-6, IL-12 and IL-23) than did Shp-2 fl/fl BMDCs after stimulation with either C. albicans yeast or hyphae (Fig. 2a) , which indicated an important role for SHP-2 in regulating the innate immune response to pathogenic fungi.
To determine if SHP-2 is involved in signaling via CLRs other than dectin-1, we stimulated wild-type, FcRγ-deficient and Mincledeficient BMDCs with mannan and trehalose-6,6-dibehenate (TDB), which are ligands for dectin-2/3 and Mincle, respectively. The mannan-induced phosphorylation of Syk and production of TNF were abolished in FcRγ-deficient BMDCs, and the TDB-induced phosphorylation of Syk and production of TNF were abolished in Mincledeficient BMDCs (Fig. 2b and Supplementary Fig. 2c ), which indicated specific engagement of mannan and TDB with dectin-2/3 or Mincle, respectively. Similar to zymd, mannan and TDB induced the phosphorylation of SHP-2 in an FcRγ-or Mincle-dependent manner in BMDCs (Fig. 2b) , which indicated that the phosphorylation of SHP-2 was also induced by signaling via dectin-2/3 and Mincle.
We assessed the mannan-and TDB-induced expression of genes encoding pro-inflammatory products in Shp-2 fl/fl and DC-Shp-2 −/− BMDCs and found that DC-Shp-2 −/− BMDCs produced significantly lower concentrations of CXCL1, CXCL2 and TNF than did Shp2 fl/fl BMDCs after stimulation with these ligands (Fig. 2c,d) . Moreover, the production of chemokines and cytokines was also attenuated in MN-Shp-2 −/− BMDMs stimulated with C. albicans, mannan or TDB Fig. 2d-f) . Collectively, these results demonstrated participation of SHP-2 in multiple CLR signaling pathways and critical role for SHP-2 in innate immunity to fungal pathogens.
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SHP-2 mediates C. albicans-induced activation of Syk
Next we investigated the role of SHP-2 in regulating dectin-1-and C. albicans-induced signaling. Heat-killed C. albicans yeast engages mainly dectin-1, whereas the hyphae form engages mainly dectin-2 (ref. 20) . We therefore used heat-killed C. albicans yeast to stimulate dectin-1 signaling in BMDCs from Shp-2 fl/fl and DC-Shp-2 −/− mice. Phosphorylation of Syk induced by zymd or C. albicans was lower in DC-Shp-2 −/− BMDCs than in Shp-2 fl/fl BMDCs (Fig. 3a,b) . Furthermore, Syk-dependent phosphorylation of PLC-γ2 and PKC-δ was abrogated in DC-Shp-2 −/− BMDCs (Fig. 3a,b) . PKC-δ has an essential role in the dectin-1-induced activation of IKKα and IKKβ, which mediates the phosphorylation of IκBα and activation of NF-κB 21 . We observed that zymd-or C. albicans-induced phosphorylation of IκBα was attenuated in DC-Shp-2 −/− BMDCs (Fig. 3a,b) , which indicated that dectin-1-induced activation of NF-κB was SHP-2 dependent. In addition, phosphorylation of the kinases Erk and Jnk was also diminished in DC-Shp-2 −/− BMDCs stimulated with either zymd or C. albicans relative to their phosphorylation in Shp-2 fl/fl BMDCs (Fig. 3a,b) . The MAPK Raf-1 is also activated by stimulation with zymd or C. albicans 13 , and its phosphorylation was lower in DC-Shp-2 −/− BMDCs than in Shp-2 fl/fl BMDCs (Fig. 3a,b) . Notably, phosphorylation of the MAPK p38 was not impaired in DC-Shp-2 −/− BMDCs (Fig. 3a,b) , which indicated that dectin-1 signaling might activate p38 through a Syk-and Raf-1-independent pathway. We also assessed signaling events induced by heat-killed C. albicans hyphae in wild-type and DCShp-2 −/− BMDCs and obtained results that were the same as those obtained by stimulation with heat-killed C. albicans yeast (data not shown). Furthermore, Syk activation and Syk-dependent signaling events were also impaired in MN-Shp-2 −/− BMDMs following stimulation with zymd or C. albicans, relative to that in Shp-2 fl/fl BMDMs stimulated in the same way ( Supplementary Fig. 3a,b) . Together these data indicated that SHP-2 regulated the activation of Syk in dectin-1-and C. albicans-induced signaling.
Next we investigated whether SHP-2 interacts with Syk in dectin-1 signaling. By immunoprecipitation with anti-SHP-2, we found that Zmyd induced interaction of SHP-2 with Syk in wild-type BMDCs (Fig. 3c) . Conversely, purified Syk proteins were able to efficiently precipitate SHP-2 proteins that underwent tyrosine phosphorylation in BMDCs following stimulation with zymd (Fig. 3d) . These data demonstrated that SHP-2 interacted with Syk after activation of dectin-1 signaling. We also investigated whether SHP-2 interacts with other molecules involved in dectin-1 signaling. CXCL2 (ng/ml) TNF (ng/ml) M o c k M a n n a n M o c k M a n n a n M o c k M a n n a n 
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By co-immunoprecipitation, we found that SHP-2 associated with Src, but not with Raf-1, PLC-γ2, PKC-δ or CARD9, in zymd-stimulated wild-type BMDCs (Fig. 3c) . By biochemical fractionation and confocal microscopy, we observed that SHP-2 translocated to the cell membrane, where it localized together with dectin-1 after stimulation with zymd (Fig. 3e,f) . Similarly, Syk resided predominantly in the cytosol in unstimulated wild-type BMDCs, but following stimulation with zymd, Syk was recruited to the cell membrane and localized together with SHP-2 (Fig. 3e,f) .
Stimulation with either zymd or mannan mobilized SHP-2 and Syk to the cell membrane of the Shp-2 fl/fl BMDCs (Fig. 4a,b) , where it localized together with dectin-1 or with FcRγ, the adaptor for dectin-2/3 (Fig. 4c) . The zymd-or mannan-induced recruitment of Syk to the cell membrane and colocalization with dectin-1 or FcRγ were abrogated in DC-Shp-2 −/− BMDCs (Fig. 4a-c) . Together these results suggested that SHP-2 mediated the recruitment of Syk to dectin-1 or dectin-2/3-FcRγ.
Because Syk is also involved in signaling mediated by the B cell antigen receptor and FcγR, we investigated whether SHP-2 is also required for Syk activation in B cells and macrophages. Fig. 3c ). Furthermore, cross-linking of the natural killer cell receptor CD16 (FcγRIII) with anti-CD16 induced phosphorylation of Syk in Shp-2 fl/fl BMDMs but not in MN-Shp-2 −/− BMDMs ( Supplementary  Fig. 3d ). The phosphorylation of Syk induced by complexes of ovalbumin plus IgG antibody to ovalbumin, as well as such phosphorylation induced by aggregated IgG, was also lower in MN-Shp-2 −/− BMDMs than in Shp-2 fl/fl BMDMs (Supplementary Fig. 3e,f) . These findings extended the role of SHP-2 in the activation of Syk to a range of signaling receptors on B cells, macrophages and DCs.
SHP-2 binds to Syk via the SHP-2 C-ITAM Next we delineated the mechanisms by which SHP-2 regulates the recruitment and activation of Syk in signaling via dectin-1 and dectin-2/3. In HEK293T human embryonic kidney cells exogenously expressing dectin-1 and Syk, we detected only modest phosphorylation and activation of Syk following stimulation with heat-killed C. albicans (Supplementary Fig. 4a) . However, simultaneous expression of SHP-2 greatly enhanced Syk activation (Supplementary Fig. 4a) . By co-immunoprecipitation, we found that dectin-1 and Syk formed complexes, which were promoted by exogenous SHP-2 and were greatly enhanced by stimulation with heat-killed C. albicans yeast (Supplementary Fig. 4b ). In this system, SHP-2 also functioned as a scaffold protein, facilitating the recruitment of Syk to dectin-1. 
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A r t i c l e s SHP-2 has two SH2 domains (N-SH2 and C-SH2) at its amino terminus, followed by a tyrosine-phosphatase domain and a tail containing phosphorylated tyrosine 32, 35 . To determine the structural basis for its scaffolding function, we generated a series of SHP-2 mutants and assessed their ability to interact with dectin-1. Deletion of N-SH2 abolished the association of SHP-2 and dectin-1 (Fig. 5a) . Furthermore, N-SH2 alone was able to interact strongly with dectin-1 (Fig. 5a) . Notably, deletion of C-SH2 also diminished the association of SHP-2 with dectin-1 (Fig. 5a) . However, C-SH2 alone did not interact with dectin-1 (Fig. 5a) , a finding that excluded the possibility of its direct involvement in the SHP-2-dectin-1 association. Moreover, a dectin-1 mutant with substitution of phenylalanine for the tyrosine at position 15 (Try15), which forms the hemITAM of dectin-1 and is critical for the initiation of downstream signaling events by dectin-1 (ref. 25) , failed to recruit SHP-2 upon stimulation of HEK293T cells with C. albicans (Fig. 5b) . These results indicated that SHP-2 was recruited to the dectin-1 hemITAM via the N-SH2 domain of SHP-2.
We next investigated how SHP-2 recruits Syk in dectin-1 signaling. Upon stimulation with C. albicans, SHP-2 interacted with the wild-type Syk but not with Syk lacking its N-SH2 or C-SH2 (Fig. 5c) , which indicated possible involvement of the ITAM and SH2 domains in the SHP-2-Syk interaction. Indeed, we identified a putative ITAM composed of Y511RFIYMAVQHYIETLQRRIEEEQKSKRKGHE Y542TNI (bolding indicates key residues) at the carboxyl terminus of SHP-2 (Fig. 5d) . Consistent with our data showing that SHP-2 was phosphorylated at Tyr542 (Fig. 1b) , replacing that tyrosine with phenylalanine diminished the phosphorylation of SHP-2 elicited by stimulation with C. albicans (Fig. 5d) . Similarly, replacing the tyrosine at position 511 (Tyr511) with phenylalanine also diminished the phosphorylation of SHP-2 following stimulation with C. albicans (Fig. 5d) , which indicated that Tyr511 was also phosphorylated by signaling via dectin-1. Furthermore, substitution of either Tyr542 or Tyr511 also abrogated the interaction of SHP-2 with Syk (Fig. 5e) . These results indicated that this non-canonical ITAM at the carboxyl terminus of SHP-2 was required for binding to the SH2 domains of Syk.
To substantiate the findings reported above, we generated a series of SHP-2 mutants and assessed their ability to restore dectin-1 signaling in MN-Shp-2 −/− BMDMs. Following lentiviral transduction of wild-type SHP-2 and its mutant versions, we found that expression of the exogenous SHP-2 mutants was either similar to or higher than that of wild-type SHP-2 (Fig. 5f) . Reexpression of SHP-2 efficiently restored the induction of TNF by zymd in MN-Shp-2 −/− BMDMs; however, the SHP-2 mutant with deletion of N-SH2, or the SHP-2 mutants with substitution of phenylalanine for Tyr542 or Tyr511, failed to restore zymd-induced expression of TNF in MN-Shp-2 −/− BMDMs (Fig. 5f) . Conversely, mutant SHP-2 lacking phosphatase activity (with substitution of serine for the cysteine at position 459) was still able to restore TNF induction in MN-Shp-2 −/− BMDMs (Fig. 5f) . Like wild-type SHP-2, mutant SHP-2 lacking phosphatase activity efficiently recruited Syk to dectin-1 in HEK293T cells stimulated with heat-killed C. albicans yeast (Supplementary Fig. 4c) . Furthermore, the mutant SHP-2 lacking phosphatase activity was able to mediate the recruitment of Syk to dectin-1 and promote the phosphorylation of Syk in MN-Shp-2 −/− BMDMs stimulated with zymd ( Supplementary  Fig. 4d-f) . These results further supported the hypothesis of a crucial role for N-SH2 and carboxy-terminal ITAM of SHP-2 in the recruitment of Syk to dectin-1 (Supplementary Fig. 5a ).
After the activation of dectin-2/3 by mannan or C. albicans, SHP-2 also enhanced the recruitment of Syk to FcRγ in HEK293T cells (Supplementary Fig. 5b) . Furthermore, we found that both N-SH2 and C-SH2 of SHP-2 were involved in bringing Syk to FcRγ (Supplementary Fig. 5c ), and replacement of either Tyr65 or Tyr77 in the ITAM of FcRγ abrogated the binding of SHP-2 following stimulation with C. albicans (Supplementary Fig. 5d ). These results indicated that SHP-2 used both SH2 domains to bind the ITAM of FcRγ in dectin-2/3 signaling (Supplementary Fig. 5e ).
SHP-2 in DCs is required for anti-fungal T H 17 responses
To determine whether SHP-2-mediated signaling by dectin-1 and dectin-2/3 in DCs regulates anti-fungal immune responses in vivo, we infected mice intravenously with C. albicans. We observed much greater morbidity and mortality in DC-Shp-2 −/− mice than in Shp-2 fl/fl mice (Fig. 6a) . While Shp-2 fl/fl mice showed moderate weight loss, with 40% survival and recovery, DC-Shp-2 −/− mice underwent substantial weight loss after infection with C. albicans and eventually succumbed to the infection (Fig. 6a) . DC-Shp-2 −/− mice had much larger fungal loads in the kidney, liver and spleen than did Shp-2 fl/fl mice (Fig. 6b) . We also found more C. albicans hyphae in DC-Shp-2 −/− kidneys than in Shp-2 fl/fl kidneys 5 d after infection (Supplementary Fig. 6a) .
We 
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A r t i c l e s mice (Fig. 6c) . Notably, the induction of TNF, IL-6 and IL-12, but not that of CXCL1 or CXCL2, was attenuated in DC-Shp-2 −/− mice (Fig. 6c) . The number of neutrophils and macrophages that infiltrated into the kidneys of DC-Shp-2 −/− mice was not significantly different from that in the kidneys of Shp-2 fl/fl mice 3 d after infection (Supplementary Fig. 6b ). At 5 d after infection, expression of the genes encoding IL-17A and IL-17F was higher in the kidneys of infected Shp-2 fl/fl mice, but not in those of infected DC-Shp-2 −/− mice, than their expression in the kidneys of uninfected mice (Fig. 6d) . Furthermore, IFN-γ production was also undetectable in the kidneys of DC-Shp-2 −/− mice (Fig. 6d) . We isolated spleen cells from infected Shp-2 fl/fl and DC-Shp-2 −/− mice, stimulated the cells ex vivo with heat-killed C. albicans yeast and measured IL-17A. Consistent with the in vivo data, DC-Shp-2 −/− mice exhibited a diminished anti-fungal T H 17 response compared with that of Shp-2 fl/fl mice (Fig. 6e) . Moreover, T H 1 responses to C. albicans were also diminished in DC-Shp-2 −/− mice relative to those of Shp-2 fl/fl mice (Fig. 6e) . These results demonstrated that DCs relied on SHP-2-mediated signaling to induce anti-fungal innate and adaptive immune responses.
SHP-2 in macrophages regulates anti-fungal innate immunity
To investigate the role of SHP-2 in macrophages and neutrophils during infection with C. albicans, we infected Shp-2 fl/fl and MN-Shp-2 −/− mice intravenously with C. albicans. MN-Shp-2 −/− mice had greater mortality than Shp-2 fl/fl mice at early stages of infection (Fig. 7a) and suffered more weight loss than Shp-2 fl/fl mice did (Fig. 7b) . Consistent with those findings, MN-Shp-2 −/− mice produced less CXCL1 and CXCL2 than did Shp-2 fl/fl mice but produced concentrations of TNF, IL-6 and IL-12 similar to those produced by Shp-2 fl/fl mice (Fig. 7c) .
Notably, fungus-specific T H 17 and T H 1 responses were unimpaired in MN-Shp-2 −/− mice (Fig. 7d) . Also, the number of neutrophils and macrophages that infiltrated into the kidneys of MN-Shp-2 −/− mice was significantly lower than that in the kidneys of Shp-2 fl/fl mice at 3 d after infection (Fig. 7e) . Furthermore, MN-Shp-2 −/− BMDMs exhibited impaired phagocytosis of zymosan particles ( Supplementary  Fig. 7 ). These results indicated that SHP-2-regulated CLR signaling in macrophages and neutrophils contributed to the early control of C. albicans infection. In CLR signaling, tyrosine phosphorylation initiated by Srclike kinases and Syk is critical for the activation of NF-κB and MAPKs. We have now shown that during infection with the fungus C. albicans, SHP-2 was recruited to dectin-1 or to dectin-2/3-associated FcRγ. Our data further suggested that tyrosine phosphorylation of the cytoplasmic tail of dectin-1 or the ITAM of FcRγ was necessary for the recruitment of SHP-2. Once recruited to dectin-1 or dectin-2/3, SHP-2 was tyrosine phosphorylated at its carboxyl terminus, which then recruited Syk to dectin receptor complexes. The tyrosine residues Tyr511 and Tyr542 located at the carboxyl terminus of SHP-2 were essential for this, because substitution of either Tyr511 or Tyr542 resulted in diminished tyrosine phosphorylation of SHP-2 and abrogated recruitment of Syk recruitment. Notably, a motif of SHP-2 consisting of phosphorylated Tyr542 followed by any two amino acids and then isoleucine has been reported to mediate recruitment of the SH2-containing adaptor Grb2 in signaling via the growth factors EGF and PDGF 28 . Our study has indicated that the aforementioned motif was also able to form an intact ITAM with a similar motif of phosphorylated Tyr511 followed by any two amino acids and then isoleucine, which allowed SHP-2 to recruit Syk in CLR signaling, as well as antibody-triggered signaling via FcγR and the B cell antigen receptor. These observations are in line with the hypothesis that the region linking two SH2 domains of Syk is flexible enough to accommodate the binding of Syk to ITAMs with spacers of different lengths 23 . Nevertheless, more-detailed structural and functional analyses are needed to understand precisely how this non-canonical ITAM of SHP-2 engages Syk, Grb2 and other SH2-containing molecules. While our data indicated that the catalytic activity of SHP-2 was dispensable for the recruitment of Syk to dectin-1 and . Each symbol (b-e) represents an individual mouse (n = 5 per group); small horizontal lines indicate the mean. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 (log-rank test (a) or Student's t-test (b-d)). Data were pooled from three independent experiments (a; mean ± s.e.m.) or are representative of three independent experiments (b-e).
npg
A r t i c l e s the activation of Syk, it is very likely that SHP-2 uses its phosphatase activity in other processes. Indeed, SHP-2 regulates the production of IL-6 and IFN-γ by dephosphorylating the transcription factors STAT3 and STAT1, respectively 30, 33, 36 . SHP-2 has been reported to dephosphorylate the signal-regulatory protein SIRPα and thereby regulate the zymosan-induced production of reactive oxygen species in macrophages 37 . Nevertheless, our studies and others 34 have indicated that SHP-2 can regulate signaling via the innate immune system in a phosphatase-independent manner. Published studies have revealed complex receptor interactions and adaptor use in members of the CLR family, such as dectin-2, dectin-3 and Mincle. Dectin-2 and dectin-3 form heterodimers in the recognition of mannan 27 , and dectin-3 and Mincle work in synergy in TDB-induced responses 38 . However, dectin-1 does not form heterodimers or work together with other receptor to sense β-glucan 7, 25, 39 . Unlike dectin-2/3 and Mincle, dectin-1 does not rely on FcRγ to trigger downstream signaling. The cytoplasmic tail of dectin-1 contains only one half of the ITAM (Tyr15-X-X-Leu) 7, 25 , whereas Syk must bind to at least one intact ITAM to be activated 23 . In this context, it has been uncertain how dectin-1 activates Syk; however, our data presented here seem to resolve this paradox. We have shown here that unlike Syk, SHP-2 can use either N-SH2 (for dectin-1) or both N-SH2 and C-SH2 (for FcRγ) for receptor-adaptor binding, which demonstrates structural and functional flexibility. In dectin-1 signaling, the N-SH2 domain of SHP-2 engages the hemITAM of dectin-1. Conceivably, dimerization of dectin-1 would allow simultaneous recruitment of two SHP-2 molecules, which would then act through an ITAM-SH2-SH2 interaction to bring two Syk molecules to dectin-1.
Subsequently, two Syk molecules in close proximity would activate each other through intermolecular autophosphorylation. On the other hand, both SH2 domains of SHP-2 associated with FcRγ, which contains an intact ITAM and usually forms dimers; this allowed similar activation of Syk for signaling via dectin-2/3. It remains unclear why the ITAM of FcRγ is insufficient for the recruitment of Syk; however, one possibility is that the long intervening region between the SH2 domains and the ITAM allows SHP-2 to overcome the space restriction that prevents binding of Syk to the dectin-2/3-FcRγ complex. Our finding that SHP-2 also mediated the recruitment of Syk in signaling via the B cell antigen receptor and FcγR would indicate that the SHP-2-Syk interaction is widely used by immunoregulatory signals. Given that multiple adaptors must work together to trigger robust signaling via the T cell antigen receptor, the involvement of both SHP-2 and FcRγ in signaling via dectin-2/3, and probably signaling via Mincle, should not be unexpected. This type of differential use of adaptors among CLRs is reminiscent of TLRs, which use either the adaptor Myd88 (for TLR5) or the adaptors MyD88 and TRAM (for TLR2) 40 .
Through the use of mice with SHP-2 deficiency in DCs, we demonstrated a critical role for DC-derived CLR signaling in anti-fungal T H 17 responses. DC-derived CLR signaling was required for the induction of IL-1-β, IL-6 and IL-23, which mediated the induction of T H 17 responses. Indeed, T H 17 responses were impaired in the spleen and kidneys of DC-Shp-2 −/− mice, which led to a greater fungal burden and more-severe tissue damage. These mice also showed attenuated fungus-specific T H 1 responses in vivo, possibly due to reduced production of IL-12 by DCs. Conversely, SHP-2-mediated signaling npg in macrophages and neutrophils affected the production mainly of the chemokines CXCL1 and CXCL2, which have a critical role in the recruitment of neutrophils and monocytes. Notably, SHP-2-mediated signaling in macrophages and neutrophils had no substantial effect on anti-fungal T H 17 and T H 1 responses in vivo. Accordingly, MNShp-2 −/− mice suffered greater mortality only at an early stage, which underscored the importance of infiltrating macrophages and neutrophils and phagocytosis in this anti-fungal innate immune response. These results indicate that CLR signaling in different cellular compartments serves distinct roles in the induction of anti-fungal innate and adaptive immune responses. SHP-2 has a variety of roles in development, hematopoiesis and tumorigenesis through the regulation of signals induced by growth factors, hormones and cytokines 28, 30 . Here, our data have extended the role of SHP-2 to host defense against a fungal pathogen. Gain-offunction mutations in the gene encoding SHP-2 are associated with Noonan syndrome, juvenile myelomonocytic leukemia and Leopard syndrome 41, 42 ; therefore, the identification of polymorphisms or loss-of-function mutations in the gene encoding SHP-2 linked to susceptibility to candidiasis in humans will be critical for establishing a role for SHP-2, along with dectin-1 and CARD9, in human antifungal immunity 43, 44 . In addition, CLRs are also able to sense cell-wall components from mycobacteria 9, 45 and Leishmania species 46 , as well as SAP130 (ref. 47 ) and mucin 48 , which are the endogenous ligands of CLRs. Therefore, our results suggest there may be a more general role for SHP-2 in host defense and the maintenance of immunological homeostasis.
In summary, we have identified here a previously unknown role for SHP-2 in the assembly of CLR complexes for Syk activation and antifungal immune responses. Our study has also formally demonstrated a pivotal role for DC-derived CLRs in the initiation of anti-fungal T H 17 responses. This highlights the importance of the concerted actions of different CLRs on various cells of the innate immune system in host defense against fungal pathogens.
METHODS
Methods and any associated references are available in the online version of the paper. 
